We study the performance of diversity combining techniques applied to synchronous laser communication through the turbulent atmosphere. We assume that a single informationbearing signal is transmitted over statistically independent fading channels, and that the multiple replicas are combined at the receiver to improve detection efficiency. Evaluating the performance of a heterodyne receiver in the presence of atmospheric turbulence is generally difficult because of the complex ways turbulence affects the coherence of the received signal that is to be mixed with the local oscillator. Light propagated through a turbulent atmosphere contains speckle which will be present at the detector surface. Therefore, illuminating a single-element detector with a uniform LO beam will produce mismatch of the amplitudes and phases of the two fields resulting in a loss in downconverted power. The downconverted heterodyne power is maximized when the spatial field of the received signal matches that of the local oscillator.
constant phase coherence length r 0 . In (a), MRC combining is employed. In (b), a SC combiner is considered. In all cases, the outage probability is small and fixed at ε=0.001, and the channel capacity per unit bandwidth is shown for different values of the number L of combiner independent branches. The case L=1 corresponds to no receive diversity. The area πD 2 describes the combined, multi-aperture system equivalent aperture. When no receive diversity is considered, D equals the receiver aperture diameter. If a L-aperture system is analyzed, each one of the aperture diameters equals D/√L. For the smallest aperture considered, we assume γ 0 equal to 10 photons-per-symbol. For any other aperture diameter, the value of γ 0 is proportional to D 2 . We study the outage channel capacity as a function of several parameters: the average signal-to-noise ratio (photons) per bit, the strength of atmospheric turbulence, the receiver aperture diameter D, and the number L of combiner branches. Turbulence effects are described by two parameters. Fried's coherence length r 0 describes the coherent diameter of the distorted wavefront phase. The scintillation index σ β describes the intensity of amplitude fluctuations. In our modeling, we have chosen typical values of these two parameters. While our model can be applied to various modulation and detection methods, here, we have shown the performance of PSK, QAM, PAM, and DPSK using coherent detection in the presence of additive white Gaussian noise (AWGN). Atmospheric fading leads to serious degradation in the receiver sensitivity measured in terms of received photons per symbol, resulting in either a higher error rate or a higher required transmit power for a given multilevel modulation technique. In general, the performance of an array signalcombining system should improve with an increasing number of receivers and, consequently, given a fixed collecting area, the combined system can offer superior performance.
Note the diminishing capacity returns that are obtained as the number of branches increases. Although as we increase L the outage spectral efficiency improves appreciably, the greatest improvement is still obtained in going from single-to two-branch combining. In any case, even for such small outage probability ε=0.001, a multiple receiver system with L=8 apertures reach an outage spectral efficiency of over 10 bits/s/Hz, very close to the optimal spectral rate of a single branch AWGN channel as defined by Shannon.When a single (L=1) or dual (L=2) receiver system is considered, the existence of an optimal aperture diameter in coherent free-space links is apparent. This optimal aperture diameter maximizes the ε-outage capacity. When the aperture is larger than the optimal value, phase distortion cannot be overcome by the increase in collected power, and we observe a decrease in capacity. For L>2 receiver systems, or under strong scintillation conditions, no optimal value can be identified. More detailed results and comments on our analysis will be presented at the meeting.
The research of Aniceto Belmonte was funded by the Spanish Department of Science and Technology MCYT Grant No. TEC 2006-12722 Fig. 1 . A coherent free-space optical communication system is affected by the presence of atmospheric turbulence in many ways. First, turbulence induces a decrease of the mean received power level, which translates into a diminished signal-to-noise ratio in the receiver. Second, amplitude scintillation and phase distortion in the receiver plane act as intense sources of noise distorting the quality of the optical signal available for processing. All of them add together to deteriorate the overall communication performance of the optical systems. Coherent array receivers could be considered to alleviate the deteriorating effects of atmospheric turbulence in the performance of coherent receivers in free-space optical communications.. Fig. 3 . ε-outage spectral efficiency vs. turbulence-free photons per symbol γ0 for coherent detection and additive white Gaussian noise (AWGN). In (a), MRC combining is employed. In (b), a SC combiner is considered. In all cases, the outage probability is fixed at ε=0.001, and the channel capacity per unit bandwidth is shown for different values of the number L of combiner branches. The case L=1 corresponds to no receive diversity (blue lines). Amplitude fluctuations are neglected by assuming σβ 2 =0. Turbulence is characterized by a moderate phase coherence length r0 such as D/r0=2. The area πD 2 describes the combined, multi-aperture system equivalent aperture. The AWGN Shannon limit is indicated by black lines. In (a), MRC combining is employed. In (b), a SC combiner is considered. In all cases, the outage probability is fixed at ε=0.001, and the channel capacity per unit bandwidth is shown for different values of the number L of combiner branches. The case L=1 corresponds to no receive diversity (blue lines). The area πD 2 describes the combined, multi-aperture system equivalent aperture. When no receive diversity is considered, D equals the receiver aperture diameter. The turbulence-free SNR per symbol γ0 is proportional to the square of the aperture diameter D. For the smallest aperture considered, we assume γ0 equal to 10 photons per symbol. In this plot, we neglect amplitude fluctuations by assuming σβ 2 =0. In this case, turbulence is characterized by the phase coherence length r0. The AWGN Shannon limit is indicated by black lines. 
